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Abstract 
 
 The trend of renewable energy has been growing around the world and an energy storage 
system is used to compliment the disadvantage that comes from the unreliability of renewable energy. 
A novel energy storage system (ESS) by harnessing the Sodium-ions from natural ions exist in seawater 
has been proposed and named as seawater battery. The component of seawater battery almost similar 
as a conventional battery, but with the addition solid electrolyte component. Solid electrolyte plays a 
major role in seawater battery system by the physically separate anode and cathode while maintaining 
Sodium-ions transportation, and Na-Superionic conductor (NASICON, Na3Zr2Si2PO12) is the most 
suitable candidate among all other material. However, the application of NASICON in the seawater 
battery system for a long-term period is questionable since NASICON was known to be unstable with 
water at the extreme condition. On the other hand, the stability in room temperature water and seawater 
is not widely research. Thus, this thesis purpose is to confirm the stability in seawater by comparison 
with D.I. water immersion.  
To test the stability at room temperature, NASICON is immersed in D.I. water and seawater 
at room temperature for a long period of time (≈ 365 days) and immersed NASICON and solution are 
analyzed. Based on the analysis, this report found three different reactions when NASICON in contact 
with water and seawater, which are secondary phase dissolution, Sodium-ions diffusion, and 
Hydronium-ions insertion. The first two reactions slightly change the properties of NASICON while 
the Hydronium-ions insertion decreases the conductivity dramatically and may break NASICON with 
further substitution. This reaction is affected by three variables such as pH of the solution, temperature, 
and ions existed in the solution. Thanks to the natural-ions contained inside the seawater, the NASICON 
doesn’t show any sign of Hydronium-ions insertion even after 365 days immersion.   
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1. Introduction 
1.1. Future of renewable energy  
Non-renewable energy is currently dominating the energy consumption for electricity and 
Non-renewable energy produced 70% of world electricity generation out of approximate 22,000 TW h 
(Figure 1a). [1][2] Although non-renewable energy is favorable economically, however, non-renewable 
energy produced greenhouse gasses such as CO2, and around 70% of these gasses come from the energy 
sectors (Figure 1b). [3][4] With the rise of CO2 emission every year (Figure 1c), the excess greenhouse 
gasses may bring significant effect to the world temperature, which affects not only environment but 
also species. [4][5] To combat this problem, the non-renewable energy needs to be reduced and replaced 
by renewable energy. [3]  
The development in renewable energy has greatly researched since the oil crisis in 1973, but 
the renewable energy wasn’t popular until the 1990s. In the case of wind energy, the growth was rapid 
in 1980-1998, which was approximately 55% annually (Figure 2a), while solar energy increased 
roughly 22% in the 1990s (Figure 2b). [6] The problem with renewable energy resources is they are often 
dependence with the environment, therefore renewable energy is geographically restricted and 
unreliable. For example, solar energy can’t generate power at night and the power is reduced during 
cloudy days (Figure 4a). On the other hand, the wind energy changed over time and the maximum 
output generated at night (Figure 4b). With the human energy consumption that always constant, 
renewable energy needs to be constant and reliable anytime. Thus, the energy storage system (ESS) is 
introduced to solve this issue by storing energy at off-peak times and discharge during peak times. [7] 
  
Figure 1. a) World electricity generation, b) Global greenhouse gases emission at 2008, and c) 
CO2 emissions from fossil fuels from 1971-2009. [2][4]  
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Figure 2. Accumulated a) world wind turbine capacity and b) world shipment of photovoltaic 
cells [6] 
 
 
Figure 3. a) Daily profiles of wind power projected by 7x output in April 2005 for the year 2011 
in Tehachapi, California, b) 5MW PV power over a span of 6 days in Spain [7] 
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1.2 Battery energy storage system technologies 
ESSs (Energy Storage Systems) can store unused energy from renewable energy by converting 
the energy into the more conveniently storable form such as mechanical, thermal, chemical energy. 
Figure 4 shows the possible ESS with the characteristics rated by the power ratings and discharge time 
for three different application. [8] Compare to other ESSs, the battery is electrochemical energy storage 
that can be lucrative in the future. The battery has many fascinating features including scalable, flexible 
power, fast response time, high efficiency, long cycle life and environmentally friendly. Despite the 
price of the battery which is expensive, however, these advantages are tough to ignore, and the price is 
soon to be decreased. [8] Among all the batteries, Lithium-ion battery is the most promising battery for 
the future ESS.  
 Lithium-ion batteries (LIB) is a battery that uses lithium as a mean to transport electron from 
anode to cathode. LIB is known to have one of the greatest energy density and power density due to the 
low ionic radii of Lithium. Furthermore, the Lithium has the highest cell potential due to low reduction 
potential. [8-9] Thanks to these properties, Lithium-ions batteries has been applied everywhere, from 
handphone, electric car, to energy grid storage. However, not only LIB cost is still high compared to 
other ESS (Figure 5), but also the issue of Lithium shortage may happen in the future. [10-11] Thus, 
research in new material which has similar properties as Lithium, but higher abundance and lower price 
is needed before the Lithium-ions become extinct.  
  
 
Figure 4. Graph of system power ratings against discharge time of energy storage for three 
different energy storage application[8] 
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Figure 5. Capital cost per unit power vs Capital cost per unit energy of different energy storage 
system[10] 
One of the alternative solutions for Lithium-ion Batteries is Sodium-ions batteries since 
Sodium is cheaper, more abundance, and easier to obtain compared to the Lithium (Figure 6a). [12-14] 
Sodium is located right below Lithium in the periodic table, thus both elements have many similarities 
in chemical and mechanical properties. [14] Although sodium has a lower energy density than lithium 
since Sodium has higher weight and volume, the sodium-based battery still comes out cheaper by 12.6% 
than LIB due to lower cathode price (Figure 6b). The application of Sodium into battery was successful 
in the molten salt battery by using Sulfur as an anode (Sodium-Sulfur battery, NaS battery), and this 
battery has been installed.  
NaS battery is one of the most popular molten salt battery and has better cost compare to LIB. 
NaS battery consists of liquid Sodium and Sulfur separated by β”-Alumina solid electrolyte (BASE) 
(Figure 7). [16] NaS battery operates at a high temperature (300oC – 350oC) since the electrode must be 
in liquid form to operate well. The NaS battery reaction follow the reaction below: [7][16] 
Cathode: x S + 2 Na+ + 2e- ↔ Na2Sx (x = 3 ~5)     (1) 
Anode: 2 Na - 2e- ↔ 2 Na+    (2) 
Cell reaction: 2 Na+ + x S ↔ Na2Sx x = 3 ~5) (3) 
The installation of NaS battery has risen rapidly from 10 MW in 1998 to over 350 MW by 2010, 
however, NaS battery still needs better safety and performance for commercialization.  
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Figure 6. a) The element abundance in the earth, b) comparison between Sodium-ions battery 
and Lithium-ions battery[12][15] 
 
 
Figure 7. Structure of molten salt NaS battery [16] 
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1.3. Seawater battery  
 A novel design of sodium-based battery by harnessing the Sodium-ions inside seawater called 
seawater battery (Figure 8), was proposed by our group and the battery demonstrate several advantages 
that NaS and LIB battery do not have, such as low cost, safe, and possible to operate at room temperature. 
[18] Seawater battery takes advantage of Sodium Chloride salt inside the seawater and uses it to store the 
energy. This battery uses seawater as a cathode material and possible to cut 30% of the normal price of 
battery since seawater is free. [15][20] Unlike any conventional battery, the seawater battery can be design 
without any metal material since the Sodium-ions already exist in the cathode part of the battery. 
Although there are several drawbacks such as low density and restricted to geography, however, this 
battery has the potential to be the grid energy storage system in the future. [21] 
 The reaction in seawater battery starts from Sodium extraction in seawater cathode toward 
anode as its shown in Figure 9a. During charging, the Sodium-ions move from cathode to anode by 
passing through the solid electrolyte, and the electrochemical reaction was predicted to follow one of 
the equation (4 or 5) below. The first reaction (4) results in Oxygen generation and called Oxygen 
Evolution Reaction (OER), while the second reaction (5) creates Chloride, which also known as 
Chlorine Evolution Reaction (CER). The first cycle charge voltage was observed to be around 4.05 V, 
indicating that the reaction is most likely leaning toward CER than OER, even though oxygen is 
thermodynamically favorable preferable to chlorine. [22] 
2 NaCl (aq) + H2O(l)  2 Na (s) + 2 HCl (aq) + ½ O2 (g)  Eo = 3.94  (4) 
2 NaCl (aq)  2 Na (s) + Cl2 (g)     Eo = 4.07  (5)  
 During discharge, the Sodium-ions move from the anode toward the cathode, reducing water, 
and increasing the seawater pH from 7.8 to 9.2 due to NaOH generation. There are two possible 
scenarios based on whether the Oxygen inside the seawater is reduced during the process or not. These 
two processes are described in the equation (6) and (7) below and the voltage shows a contrast difference 
between both electrochemical reaction. The discharge voltage was proven experimentally around 2.9 V 
(Figure 9b) and this result shows that the voltage is closer to the reduction with the participation of 
oxygen. The removal of oxygen can greatly decrease the voltage to 1.9 V, which is similar as equation 
(7). [22] 
Na (s) + ½ H2O +1/4 O2 (g)  NaOH(aq)    Eo = 3.11 V  (6) 
Na (s) + H2O (l)  NaOH (aq) + ½ H2 (g)    Eo = 1.88 V  (7) 
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The component of seawater battery consists of cathode current collector, a solid electrolyte, a 
liquid electrolyte, and an anode component. Firstly, the heat-treated carbon felt is used as cathode 
current collector since carbon felt has good electrochemical stability, good electronic conductivity, large 
surface area, hydrophilic if it’s heat-treated, and reasonable price. [23] On the anode side, the seawater 
battery is recorded to use different anodes such as Sodium metal, a hard anode, Antimony sulfide 
(Sb2S3), Tin/carbon (Sn/C) and red phosphorous carbon composite (P/C). [24-27]  The electrolytes in 
seawater battery can be categorized based on its form into two different categories, a liquid electrolyte, 
and solid electrolyte. The liquid electrolyte used to accelerate the movement of Sodium-ions during 
charging/ discharging. Two liquid electrolytes which are 1 M NaClO4 and 1 M NaCF3SO3, is known to 
be capable in seawater battery. [28] On the other hand, there are two different candidates for the solid 
electrolyte in seawater battery, β”-Alumina and NASICON. These solid electrolytes will be discussed 
in the next section. [29] 
 
 
Figure 8. a) The Novel design of seawater battery and b) cost comparison between seawater 
battery and another type of battery [18] 
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Figure 9. The time vs voltage graph of seawater battery during a) charging and b) discharging, 
and c) component of coin cell seawater battery [22][23] 
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1.4. Solid electrolyte in seawater battery 
 An electrolyte in battery act as an intermediate to separate while promoting the movement of 
the ions between anode and cathode at the same time. In the conventional battery system, the electrodes 
are usually in solid form and can be easily separated by the only liquid electrolyte. However, the 
seawater battery needs a physical barrier to prevent diffusion and direct contact between the liquid 
cathode (seawater) and solid anode. There are several requirements for a material to be a solid 
electrolyte. Firstly, the material should have low electronic conductivity, high ionic conductivity at least 
10-4 S/cm in room temperature and wide electrochemical stability windows. [30] Secondly, the stability 
of the material in seawater is needed for the battery to have better efficiency in the application. [29] Lastly, 
the mechanical strength is needed to prevent any leaking and physical contact between electrodes.   
 Based on the criteria mention above, two materials were already tested already tested and 
applied to the seawater battery by Yongil et al [29]. The first material is β”-Alumina, which has been 
applied into several molten salt battery applications. Sodium β”-Alumina is known to have high ionic 
conductivity (1.0 x 10-3 S/cm) and good mechanical strength, however, Sodium β”-Alumina is not stable 
against moisture. On the other hand, Na-superionic conductor or known as NASICON (Na3Zr2Si2PO12) 
can be also a good candidate with similar electrochemical properties, but superior stability in water 
compared to Sodium β”-Alumina. The detail of each material in seawater battery application will be 
discussed in the next section.  
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1.4.1 Solid electrolyte candidate: Sodium β”-Alumina 
 The structure of Sodium β-Alumina was invented in 1916 through the Bayer process and it 
wasn’t applied as an electrolyte, but for industrial furnaces due to great refractory properties. [31,32] The 
structure of Sodium β-Alumina is two-dimensional crystal with alternative closely-packed layer and the 
loosely-packed layer where the Sodium-ions stored. The molecular structure of Sodium β-Alumina is 
11 Al2O3 – 1+x Na2O (where x is 0 < x < 0.57). The Sodium-ions can be increased by the addition of 
Lithium or Magnesium doping from 0.57 to 0.67, which later known as Sodium β”-Alumina. [34] 
Currently, Sodium β”-Alumina is used for the solid electrolyte in the Na-S battery. [18] 
  The stacking in Sodium β-Alumina and Sodium β”-Alumina consist of spinel block and 
conduction plane as shown in Figure 10a. [35] The Sodium-ions exist inside the empty interstitial oxygen 
site at the loosely-packed layer of both types of Sodium β-Alumina. The conduction pathway of 
Sodium-ions in Sodium β-Alumina and Sodium β”-Alumina is through the two-dimensional pathway 
found in the conduction plane (Figure 10b). [36] The difference between Sodium β-Alumina and Sodium 
β”-Alumina is the small doping by Lithium or Magnesium, resulting in the Frankel defect. This defect 
leads to additional Sodium-ions, altering the stacking (Figure 11) and crystal structure from hexagonal 
to rhombohedral. The doping causes the increment in conductivity, thus Sodium β”-Alumina structure 
is more popular in solid electrolyte application than Sodium β-Alumina. [37] 
 Sodium β”-Alumina can be a great candidate for solid electrolyte due to high conductivity, 
low electronic conductivity, good mechanical strength, and chemical passivity. However, Sodium β”-
Alumina is not stable against moisture and water can be one fatal disadvantage for the seawater battery 
application. When Sodium β”-Alumina in contact with water, the water occlusion rapidly occurs while 
slow hydronium-ion diffusion also happens simultaneously. These reactions leading to higher resistance, 
lowering the conductivity of Sodium β”-Alumina dramatically. [38] Therefore, the application of Sodium 
β”-Alumina for seawater battery is unlikely to be successful.  
The research on Sodium β”-Alumina application as solid electrolyte seawater battery has been 
experimented by Yongil et al. [29] The capacity of seawater battery with Sodium β”-Alumina decrease 
dramatically after 3rd cycle (Figure 12a). Furthermore, the structural change was observed by XRD 
(Figure 12b) along with ionic conductivity loss after 10 cycles (Figure 12c and Figure 12d). This 
phenomenon is most likely because of the seawater reaction with Sodium β”-Alumina resulting in water 
occlusion and hydronium ion diffusion into the crystal lattice. Therefore, Sodium β”-Alumina is not 
suitable solid electrolyte candidate for seawater battery application due to unstable behavior during 
contact with water. [29] 
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Figure 10. a) Structure of Sodium β-Alumina and b) 2-dimensional conduction pathway of 
Sodium β-Alumina 
 
 
Figure 11. Stacking difference in a) Sodium β-Alumina and b) Sodium β”-Alumina 
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Figure 12. Application of Sodium β”-Alumina in seawater battery application: a) the cycle test, 
b) Sodium β”-Alumina X-ray diffraction pattern of pristine and after 10th cycles, and Electronic 
Impedance Spectroscopy of Sodium β”-Alumina a) before (pristine) and d) after 10th cycle [29] 
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1.4.2 Solid electrolyte candidate: Na+ Super Ionic Conductor (NASICON) 
1.4.2.1. Structure of NASICON 
 Na Super Ionic Conductor or known as NASICON is another solid electrolyte which has 
similar properties as Sodium β”-Alumina. NASICON has chemical formula of Na1+xZr2SixP3-xO12 (0 < 
x < 3) and Na3Zr2Si2PO12 (x = 2) shows the highest conductivity, which is around 10-3 S/cm. NASICON 
is possible to be applied as solid electrolyte not only because of high conductivity, but also small 
electronic conductivity and good mechanical strength. For seawater battery application, NASICON is 
more superior than Sodium β”-Alumina since NASICON has better stability in water and moisture. 
Thus, NASICON predicted to have better capability for the solid electrolyte in seawater battery.  
 The first family of NASICON was discovered in 1968 by L. O. Hagman and P. Kierkegaard 
with the formula NaZr2P3O12 (x = 0). The elemental substitution of NZP was studied, however, it was 
focused on the substitution of Zirconium with the same group element (Titanium and Germanium). The 
NaZr2P3O12 was shown to be a rhombohedral structure with the corner of both PO4 tetrahedral and ZrO6 
octahedral connected to each other. The Sodium-ions was inside the octahedral prism of oxygen linked 
by PO4, which is in the middle of two stacked triangular faces of ZrO6 and create a major structure with 
the O3ZrO3NaO3ZrO3 arrangement (Figure 13). [39]  
 On 1976, Hong et al propose a Phosphate substitution with Silicon in NaZr2P3O12. [41] Upon 
the substitution with silicon, the additional Sodium-ions balances the charge and a new compound is 
proposed named Na Super Ionic Conductor (NASICON). The formula of NASICON is Na1+xZr2SixP3-
xO12 where x starts from 0 to 3. The additional silicon increases the trigonal bottleneck size between Na 
(1) to Na (2), which result in ionic conductivity increment. This trend is a peak when x = 2 and decrease 
afterward. NASICON with 1.8 < x < 2.3 is reported to change the structure from rhombohedral to 
monoclinic crystal structure. However, later it was known that monoclinic NASICON return to 
rhombohedral at high temperature. [40-45]  
 Ionic conductivity is affected by how fast the ions move from one site to another, and it can 
be correlated with the sodium site in the NASICON structure. NASICON (Na3Zr2Si2PO12) has 4 
different sodium sites and separated into two different positions called Na (1) and Na (2) at the 
rhombohedral structure. In the monoclinic structure, the Na (2) position split into two different sites, 
which are Na (2) and Na (3). The ratio of Na (1), Na (2), Na (3) sites in NASICON is 1:1:2. [45] The ions 
movement from each site is analyzed and the conduction path of Na1-Na3-Na1 is proven to be active, 
while Na1-Na2-Na1 is inactive. [46] In addition, the bottleneck between Na (1) and Na (2) is shown to 
be the highest, thus limiting the conductivity of NASICON. [44] At x higher than 2, the Na (3) sites 
disappear and NASICON revert to the rhombohedral structure with lower ionic conductivity. [41] 
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 NASICON is a polycrystalline ceramic consist of different phases, and the impure phases are 
usually called secondary phases. The secondary phase is form in any type of NASICON and the total is 
higher as more the x (in NaxZr2SixP1+xO12) increase. In the NASICON with formula composed by Hong 
et al, Zirconium Oxide forms as secondary phase and can be easily detected by XRD (Figure 15a). The 
crystal can also be easily seen by TEM and observed as a white crystal in SEM (Figure 15 b-d). To 
eliminate this phase, Von proposed a new formula (Na1+xZr2-x/3SixP3-xO12-2x/3) and this NASICON didn’t 
show any Zirconium phase. However, the glassy phase is still detected in both NASICON. This material 
appears dark in SEM (Figure 15c-d). Both crystal created by Zirconium precipitation during sintering. 
During Zirconium precipitation, the other precursor reacts with each other, creating amorphous phase 
in the NASICON grain boundary. [48-57] 
 
Figure 13. The structure of the first NASICON-type compound, NaZr2P3O12 a) viewed along 
[001] and b) Sodium sites in NaZr2P3O12 
[38] 
 
Figure 14. a) NASICON structure and conduction pathways through b) Na1-Na2 Channel and 
c) Na1-Na3 channel [44] 
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Figure 15. a) Hong-type and Von-type NASICON THROUGH X-ray Diffraction, b) TEM of 
Hong-type NASICON, and SEM image of c) Hong-type and d) Von-type NASICON [48][59] 
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1.4.2.2. NASICON stability in water 
 NASICON has better stability against water and moisture compared to β”-Alumina. Although 
NASICON doesn’t react as quickly as β”-Alumina, however, NASICON is known to be reactive with 
water. Two different mechanisms of NASICON reaction with water was observed. The first reaction is 
through the dissolution of the second phase in polycrystalline NASICON. The dissolution is 
unavoidable once NASICON in contact with water or aqueous solution regardless of the condition. The 
other reaction is hydronium exchange which sodium inside the NASICON replaced by Hydronium-
ions.   
 The influence of water in NASICON was analyzed in 1984 by immersing NASICON in the 
water at room temperature. During the immersion, there are no observable properties except the 
increment of the solution’s pH. The pH rises higher as the Silicon doping increase (x increase).  [48] To 
proof the change comes from the secondary phase, NASICON with low purity and observable Na3PO4 
by XRD is immersed in D.I. water. After the immersion, the XRD was analyzed and the Na3PO4 was 
gone. The loss of high impurity NASICON also accompanies with higher pH increment than low 
impurity NASICON immersion. [48][57] 
 The secondary phase can be separated into the zirconia phase and glassy phase which consist 
of Sodium, Silicon, and Phosphate, and the solubility depend on the acidity of the solution. Sodium and 
Phosphate secondary phase will dissolve in any condition. Another phase like Zirconium oxide doesn’t 
dissolve in basic or neutral, but only in a strong acid condition. On the other hand, Silicon phase has 
better solubility in basic condition. Although secondary phase dissolution changes the pH greatly, 
however, the properties of NASICON is not affected greatly by dissolution. [58] 
 The other reaction that happens in NASICON is hydronium exchange reaction between 
hydronium ions in the water and Sodium inside NASICON. This reaction is known to be destructive 
and can alter the NASICON properties greatly. This reaction was observed at 60oC by R.O. Fuentes, 
but older study hinted by Ahmad et al [48] hinted that NASICON is unstable at a temperature above 35oC. 
A study by R.O. Fuentes et al [55] observed the new XRD peak at 18o, 27o, and 35o which corresponds 
with hydronium NASICON created from the NASICON exchange with HCl by P.G.Komorowski et al. 
[62] NASICON immersion at high-temperature D.I. water is reported to have poor physical and crack 
may arise from the replacement due to larger Hydronium-ion size compare to Sodium. Furthermore, the 
NASICON resistance increases dramatically resulting in lower ionic conductivity. [55] Thus, Hydronium 
exchange reaction is destructive and may hinder the application of NASICON as a solid electrolyte in 
the long-term application.  
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 Seawater has natural ions compare to water and might possibly affect NASICON in a different 
way. Seawater is an aqueous solution that dominated by Sodium, Chloride, Magnesium, Potassium, 
Carbonate and other natural ions which mention in the table below. [61] The room temperature immersion 
in seawater has been done for 60 days and it was reported that the intensity at 18o was decreased. 
However, there is no Hydronium peak observed. The decrement might represent hydronium exchange 
reaction in NASICON. Another research also was done in seawater at room temperature and high 
temperature, and surprisingly the chloride penetration is much worse than hydronium ions. [62] 
 The NASICON was applied as a solid electrolyte in the seawater battery system. The 
application used Sodium anode, NaCF3SO3 as liquid electrolyte, and carbon felt for cathode current 
collector. NASICON solid electrolyte seawater battery. NASICON perform much better as a solid 
electrolyte in seawater battery system and still retain 91% capacity after 20 cycles. The structure of 
NASICON is analyzed before and after cycles by XRD and no new peak or defect even after 100 cycles. 
On the other hand, the ionic conductivity is slightly decreased, but still, maintain at 10-3 S/cm. Therefore, 
NASICON is proven to be applicable as solid electrolyte candidate of seawater battery application for 
a short period of time. [29]  
 
Figure 16. a) Scheme of secondary phase dissolution in aqueous solution, b) pH change in 
solution after NASICON immersion [57] 
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Figure 17. a) Scheme of secondary phase dissolution in aqueous solution, b) pH change in 
solution after NASICON immersion [55] 
 
Figure 18. a) Scheme of secondary phase dissolution in aqueous solution, b) pH change in 
solution after NASICON immersion [29] 
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1.5 Research purpose 
The lifetime of energy storage is one of the most important characteristics when choosing the 
energy storage system for renewable energy. The longer lifetime of a battery, the lower life cost of the 
battery itself. Seawater battery has a solid electrolyte that prevents from direct contact between anode 
and cathode. Any kind of defect in a solid electrolyte such as crack and hole can be fatal for seawater 
battery since these defects can create short-circuit battery and destroy the battery. In addition, the ionic 
conductivity should be high to support ion transportation. If the Ionic conductivity decrease, therefore 
the seawater battery will have lower performance, or even will not charge. One of the reasons that 
NASICON change is because of the reaction with an aqueous solution. Thus, ensuring the stability of 
NASICON in room temperature seawater become the main priority before the application in seawater 
battery. [31]  
NASICON is known to react at with aqueous solution by secondary phase dissolution and 
hydronium exchange happen. Firstly, the secondary phase dissolution happens as the NASICON in 
contact with water, however, there are no reported properties change after the reaction. On the other 
hand, Hydronium exchange reaction is destructive at either acidic condition or high-temperature 
condition, but at room temperature D.I. water is still unknown. Furthermore, there are small pieces of 
information in NASICON immersion at room temperature for long period (> 3 months). Thus, the 
NASICON stability in seawater is still unknown and need to research further. [29][47][55][57]    
 The purpose of this study is to confirm whether NASICON is stable in seawater at room 
temperature in a longer period (> 3 months). To check the stability, this study immersed NASICON in 
seawater and other aqueous solution (salt and D.I. water). The difference between them will be analyzed 
if any and compare with the reference available by the previous research. The result will be a good 
compass to decide whether the NASICON need to be reinforced or not. If the result is stable, then the 
focus of the future research will be to test the stability in seawater battery or improving the NASICON 
properties. However, if NASICON is unstable, the result can be a reference on how to prevent the 
reaction from happening. This study also gives useful information on where and which change that 
happens to NASICON over time for easier reinforcement. 
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2. Experimental Method 
2.1 Fabrication of NASICON 
 A Hong-type Na superionic conductor (NASICON, Na1+xZr2SixP3-xO12) ceramic with x = 2 is 
fabricated by using solid-state reaction and the procedure is shown in Figure 19a. The starting precursor 
consists of SiO2, ZrO2, and Na3PO4. 12 H2O was weighted based on the Na3Zr2Si2PO12 composition and 
mixed in ethanol. The mixed solution is dried in an oven at 80oC before the calcination started. The 
dried solution is ground and calcinated at 1100oC in Zirconia crucible overnight and ground after 
calcination to obtain a fine powder. Around 1 gram of calcinated powder was weight and pressed into 
NASICON with diameter 1 cm. The pressed NASICON pellet is sintered at 1250oC overnight and the 
NASICON pellet is formed. The fabricated pristine NASICON pellet will be characterized (refer to 
instrumental analysis) and immersed in aqueous solution.  
2.2 Immersion of NASICON 
 The sintered pristine NASICON is immersed in water and seawater for a long period of time 
(> 1 year) at room temperature. The composition of ions in seawater is written in Table 1. A glass jar 
was used to prevent any unwanted reaction and to observe the NASICON easier from the outside. The 
previous research shows that the saturation of NASICON is around 4 g./l, but the pH of NASICON still 
shows a steady rise until 9 g/L. [57] Since the small volume of solution will be taken for further analysis, 
approximately 1 gram of NASICON per 100 ml of water is prepared for the immersion test. The ratio 
is always the same regardless of the NASICON form (pellet or powder). To proof the effect of the 
temperature, the NASICON immersed in the solution at a high temperature. NASICON also immersed 
in the different salt solution for confirming the effect of ions in the aqueous solution toward NASICON. 
The immersed NASICON was taken out after a certain amount of time, washed with D.I. water and 
dried overnight. The overall step of the immersion test is summarized in Figure 19b.  
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Figure 19. a) The procedure of Hong-type NASICON fabrication and b) experimental plan of 
NASICON immersion experiments [57] 
 
 
Table 1. Cation and Anion Composition in Seawater  
Cations Conc. (mg/Kg) Anions Conc. (mg/Kg)
Na 10752 Cl 19345
Mg 1295 SO4 2701
Cations 416 HCO3 145
K 390 Br 66
Sr 13 BO3 27
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2.3 Instrumental analysis 
2.3.1 Solution analysis 
 10 ml of immersed solution (D.I. water and seawater) after 5, 15, and 30 days are transferred 
into the glass vial and the solution is analyzed further by pH and ICP. The pH was recorded by pH 
meter (Orion Star A211) and the solution was analyzed by Ionic Chromatography Plasma Optical 
Emission Spectroscopy (ICP-OES, Varian 700-ES). The secondary phase cations such as Zirconium, 
Silicon, and Phosphate are analyzed, and the dissolution of these cations are measured in milligram per 
liter (Figure 20).  
2.3.2 Structural and surface Morphology Analysis 
 NASICON crystal structure of the sintered and immersed materials were analyzed by using X-
ray diffraction (XRD, Bruker AXS D8 Advance) with Cu Kα radiation. The XRD scan range was set 
up from 10o-40o with step size 0.0346o. To proof, the Hydronium-ions sticking on the surface of 
NASICON, depth profiling by using TOF-SIMS (ION TOF, TOF-SIMS 5) and the procedure is like 
the report by Jae-il Jung et al. [59] 
 The surface of NASICON is taken by Secondary Electron Microscopy (SEM, FEI Quanta 
200FEG and FEI Verios 460) and both types of equipment provide Backscattered Electron (BSE-SEM) 
and Energy Dispersive X-ray. The beam voltage was set up to 10 kV and calibrated to take a clear image 
of surface NASICON. For a better image, the NASICON is ion milled (Hitachi IM4000+) and the 
phases can be clearly differentiated by using BSE-SEM. Semi-quantitative composition analysis is 
taken by using EDX at different phases in NASICON. The cross-section of NASICON pellet is further 
process by FIB (Helios NanoLab 450, FEI) for Transmission Electron microscopy (TEM, JEM-2100F 
JEOL) analysis. The TEM is operated at 200 kV and the EDS (Aztec, Oxford) and EELS were taken 
for further analysis (Figure 20).   
2.3.3 Mechanical and Electrochemical Properties 
 A small circle with the diameter of 1 cm on both sides of NASICON surface is coated by 
platinum at 20 mA for 120 seconds by using Pt-Sputter (FEI sputter, Tuscan Emitech K575X). The 
resistance of NASICON is analyzed by using Electron Impedance Spectroscopy (EIS, Biological VSP 
300). EIS spectra jobs. From the impedance test, grain resistance and grain boundary resistance can be 
obtained by the X-intercepts of the semi-circle. At room temperature, the grain boundary dictated the 
conductivity of NASICON, therefore the ionic conductivity is calculated by using the formula below. 
𝐼𝑜𝑛𝑖𝑐 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑆/𝑐𝑚) =  
1
𝑅𝑔𝑟𝑎𝑖𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
 × 
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑆𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑 𝐴𝑟𝑒𝑎
    (8) 
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 The mechanical strength of NASICON is obtained by using the Vicker hardness test (Figure 
20). At least 9 indentation point is taken at pressure 1 Kg/mm for the accurate hardness analysis. The 
pressed NASICON was observed by using Optical Microscopy (Machine) and the length of the diamond 
is measured. The average of each line was taken from the diamonds shaped hole and converted into the 
hardness by the equation written below: [68] 
𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 (𝐻𝑣) =  
2 𝑃(
136𝑜
2
)
𝑑2
= 1854.4 
𝑃
𝑑2
  (9) 
 
 
 
Figure 20. Schematic of NASICON and immersed NASICON instrumental analysis 
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3. Result and Discussion 
3.1 NASICON characterization 
The Hong-type NASICON is successfully fabricated and the structure was analyzed by using 
X-ray diffraction as shown in Figure 21a. The fabricated NASICON shows similar peak as monoclinic 
NASICON reference, however, an impurity peaks observed at 28.2o and 31.5o. This peak corresponds 
to the Zirconium oxide peak, which can be found in NASICON as a secondary phase. [48] Three 
important regions in X-ray diffraction is reported to change by hydronium exchange reaction and these 
regions will be focused in the analysis (Figure 21b). [55] In the first region (17.5o-21.5o), three peaks 
were observed (19.1o, 19.3o, and 19.6o) with the first peak is dominant followed by the last peak. This 
region will be the most important region in this report because this region suffered the most from 
hydronium exchange reaction. The second region is dominated by one huge peak at 30.5o and a small 
one at around 30.7o. the huge peak will fall as the Hydronium NASICON arise. Lastly, the third region 
with two peaks (34.0o and 34.3o) with minor but noticeable change upon the Hydronium substitution 
dominated the sample. The study of X-ray diffraction pattern will be the main priority of this report on 
understanding the structural change due to Hydronium exchange reaction.  
 
Figure 21. a) The fabricated NASICON (Na3Zr2Si2PO12) X-ray diffraction and comparison with 
the corresponding monoclinic NASICON reference and Zirconium rich phase, and b) three 
important regions at 17.5o – 19.5o, 28.5o – 32.5o, and 32.5o – 36.5o that will be the key in 
determining Hydronium exchange reaction  
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The surface SEM image of NASICON (Figure 22a) is taken and the fabricated NASICON 
mostly consists of cubic structure. The SEM cross-section (Figure 22b) confirm that there is no surface 
morphology between the surface and the inner part of NASICON, indicating that NASICON is evenly 
distributed. To further analyzed the NASICON surface composition, the cross section is ion-milled and 
Backscattered SEM (BSE-SEM) and EDX are taken from the ion-milled sample. Figure 23a shows the 
ion-milled NASICON cross-section in the BSE mode and the different color is confirmed. This color 
difference is related to the molecular weight of the phase (denser phase, brighter color). Based on Figure 
23a, there are three different phases which located in the cubic of grain NASICON (grey color), white 
crystal, and grain boundary (black color). To understand further, the EDX is taken and shows that each 
phase has different peak intensity which later will be quantified to find the atomic percentage of these 
phases (Figure 23 b-e). The quantified version (Figure 23e) observed high Zirconium atomic percentage 
in white crystal region, but low in the grain boundary. However, the silicon shows the exact opposite 
pattern than Zirconium-ions. This pattern is understandable since the Zirconium was expelled during 
sintering while the other unreacted precursor formed amorphous phase region in the grain boundary. [48] 
 
Figure 22. The SEM image of a) the surface and b) the inner morphology of fabricated 
NASICON pellet at low and high magnification 
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Figure 23. a) The Backscattered Electron SEM (BSE-SEM) image of Ion-milled cross section 
NASICON and the EDX peak of b) grain NASICON phase, c) amorphous silicate-rich phase, d) 
Zirconium rich phase and e) the quantified comparison of these peaks. 
  
The surface analysis of NASICON is further analyzed by using TEM. After high magnification 
of NASICON grain, the NASICON is observed to be polycrystalline structure since the crystal is 
randomly arranged (Figure 24). On the other hand, the crystal arranged perfectly in the white crystal 
which later confirmed by EDX as Zirconium rich phase (Figure 25). The grain boundary (Figure 26) is 
dominated by silicon and fewer Zirconium-ions existed in that region. To understand the composition 
of NASICON, the TEM area measurement is taken and the NASICON composed of 84.7% NASICON 
phase, 3% Zirconium phase, 9.9% silicate-rich phase, and 1% of others. This result has higher silicon 
content than the reference by Jae-Il Jung et al [59], but a similar quantity of NASICON grain phase 
(Figure 27). 
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Figure 24. TEM result of Pristine NASICON and high magnification of polycrystalline 
NASICON 
 
 
 
Figure 25. TEM result of Pristine NASICON, high magnification, and EDX comparison of 
Zirconium rich phase 
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Figure 26. TEM result of Pristine NASICON, high magnification, and EDX comparison of 
Silicate rich phase (grain boundary) 
 
 
 
 
Figure 27. TEM area measurement of the a) fabricated pristine NASICON and b) reference by 
Jung-Il Jung et al [59] 
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The electrochemical properties and mechanical properties of NASICON is studied through 
Electron Impedance Spectroscopy (EIS) and Vicker hardness test. Figure 28a shows the semi-circle 
graph of EIS result for NASICON conductivity analysis. Two different resistance can be derived by the 
two x-intercepts through circle fit, which related to the resistance of NASICON grain at lower x-
intercepts and NASICON grain boundary at the other. At low temperature, the grain boundary decreased 
the conductivity of NASICON bulk, thus the conductivity will be converted by using the grain boundary 
resistance. [60] By using the formula written in the experimental method section, the ionic conductivity 
of the fabricated NASICON shows 6.9 x 10-4 S/cm. The mechanical property is also analyzed, and a 
diamond was observed after the pressing (Figure 28b). The vertical and horizontal sides of multiple 
diamonds are measured, and the average length of the sides is converted into the hardness based on the 
formula mention previously and the pristine NASICON shows the hardness around 331 Hv.  
 
 
Figure 28. a) The EIS and b) Vicker hardness test result of pristine NASICON 
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3.2 Secondary phase dissolution 
NASICON is a polycrystalline crystal and consist of multiple phases such as Zirconium rich 
phase and Silicate rich phase. During immersion in the aqueous solution, these phases might dissolve 
regardless of the condition.  This dissolution is difficult to measure by NASICON analysis, but 
possible through solution analysis which can be obtained from the solution in immersed NASICON. 
Figure 29a shows the pH result of NASICON immersion in room temperature after certain times and 
the pH change can only be observed in D.I. water immersion, but not seawater. The pH increased and 
peaked after 15 days immersion at around pH 9.5 in D.I. water. Surprisingly, the pH in seawater 
immersion is stable at around pH 8. The pH increment comes from the ions of NASICON secondary 
phase dissolution. The ions contained in the solution after immersion is analyzed further by using 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).  
ICP-OES can measure the cations of the secondary phase dissolution and there are three 
possible cations that correlated with secondary phase dissolution (Zirconium, Silicon, and Phosphate). 
Figure 29b-d shows the ICP result of NASICON immersion in D.I. water and seawater after 5, 15, and 
30 days. Based on this result, the Zirconium didn’t dissolve in both seawater and D.I. water since 
Zirconium has low solubility in aqueous solution. On the other hand, other ions such as Silicon and 
Phosphate dissolve more in D.I. water than seawater (Figure 25d). At 15 days, the dissolution of Silicon 
in seawater is slightly higher than Phosphate since Silicon tends to dissolve more in basic solution. [58] 
The dissolution didn’t increase after 15 days immersion because the immersed solution reaches the 
saturation point at 15 days as shown in pH result (Figure 25a). This phenomenon might be the effect of 
natural ions inside the seawater.  
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Figure 29. a) pH of NASICON immersion in D.I. water (blue) and Seawater (green), ICP result 
of Phosphate, Zirconium, and silicon in b) D.I. water and c) seawater, and comparison of the 
cations in D.I. water (red) and seawater (green) after 15 days of immersion 
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Seawater consist of natural salt ions and these ions might create difference secondary phase 
dissolution compare to D.I. water. To prove this hypothesis, NASICON powder is immersed in the salt 
solution at various NaCl concentration (Figure 30a). Notice that the powder was used to increase the 
speed of dissolution since the dissolution of the secondary phase is faster at bigger surface area. The 
immersion in various NaCl concentration shows that the slight addition of salt concentration may affect 
the saturation pH dramatically. Further addition of NaCl salt will affect the pH slightly. The saturated 
pH can be further decreased by the addition of different salt which exists in seawater (Figure 30b). 
Furthermore, the solubility of possible secondary-phase in NASICON (Na2SiO3 and Na3PO4) are 
checked and dissolved in D.I. water and seawater and the solubility of these compound was decreased 
dramatically (Figure 30c). Thus, the secondary phase dissolution happens less in seawater due to the 
existence of natural salt ions in seawater.   
 
Figure 30. a) NASICON immersion in various concentration of NaCl, b) NASICON immersion 
in various salt which exists in seawater (the concentration of each salt is similar as the 
concentration available in seawater), and c) possible secondary phase solubility in D.I. water 
(red) and seawater (green) 
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The mechanical and electrochemical properties of NASICON is analyzed after 30 days 
immersion to show the effect of secondary phase dissolution in D.I. water and seawater toward 
NASICON property. The Ionic conductivity of immersed NASICON in D.I. water and seawater slightly 
decreases, but still considerably high around 10-4 S/cm (Figure 31a). This slight error is reasonable since 
the fabrication of NASICON pellet with exact properties is difficult. On the other hand, the mechanical 
strength weakens at longer immersion, especially in D.I. water, but seems more stable in seawater 
(Figure 31b). The slight decrease in properties might be due to the secondary phase dissolution, creating 
a hole and slightly decrease the properties. Although the reaction slightly affects the properties, however, 
NASICON is still usable for solid electrolyte application since the NASICON pellet doesn’t show any 
sign of crack and the conductivity is still good enough to be applied in the battery.   
 
Figure 31. a) The EIS result of Pristine NASICON and NASICON after 30 days immersion in 
D.I. water and seawater, and b) Hardness test result of NASICON after the immersion in D.I. 
water and seawater 
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To summarize, the secondary phase dissolution happened in D.I. water and seawater regardless 
of the temperature and the mechanism is illustrated in Figure 32. This dissolution phenomenon couldn’t 
be detected through pellet analysis because the number of secondary phases dissolved is a very tiny 
amount, thus the solution analysis becomes the primary analysis to understand the mechanism. Based 
on the previous result, the secondary phase dissolution peaked after 15 days and affect the pH of D.I. 
water. On the other hand, the pH of seawater seems not affected even after 1 month. The ICP result 
shows lesser dissolution in seawater compared to D.I. water. The lesser secondary phase dissolution 
happens in seawater due to the existence of natural salt ions in the seawater. The secondary phase affects 
the properties slightly, but the secondary-phase is not destructive. A longer period of immersion will be 
discussed in the next section.  
.  
Figure 32. The illustration of secondary phase dissolution in a) D.I. water and b) seawater 
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3.3 Hydronium exchange reaction 
 Hydronium exchange reaction between Hydronium-ions from aqueous solution and Sodium-
ions inside the NASICON is proven to happen at extreme condition such as high temperature or low 
pH solution (acidic condition). In this reaction, the Sodium inside NASICON is substituted with 
Hydronium-ions creating lower ionic conductivity and mechanical strength. [55] However, the stability 
of NASICON against room temperature in D.I. water and seawater are still unknown. To confirm this 
problem, the fabricated pristine NASICON will be immersed at a long period of time and analyzed. 
Figure 33 shows the XRD analysis of immersed NASICON in D.I. water and seawater after 30 days, 
90 days, and 365 days. According to the previous report, Hydronium exchange reaction was only 
observed on three different regions (17.5o – 21.5 o, 28.5 o – 32.5 o, and 32.5 o – 36.5 o) in XRD and these 
regions will be focused throughout this report. [55] 
Based on Figure 33a, NASICON didn’t show any new peak appearance after 30 days of 
immersion in D.I. water at room temperature. However, a tiny peak appeared at around 18.5o and 29.7o 
after 90 days immersion. The appearance was also followed by the decrement of the peak at 19.1o and 
30.5o. Although Hydronium NASICON peal supposed to show up at around 35.4o, the peak wasn’t 
observed since it’s shorter compared to other Hydronium NASICON peak and will come out after 
severe detrimental by substitution. [55] A longer period (365 days), the new peak at 19.1o and 30.5o were 
slightly grown while the nearby corresponding pristine NASICON peak decreased. Furthermore, the 
peak split was observed in the first region at around 20o. These peak appearances will be analyzed 
further in the later section.  
In case of seawater immersion (Figure 33b), the same pattern with D.I. water immersion 
observed on 30 days immersion, however, the difference can be seen at longer immersion. At 90 days 
365 days immersion in seawater, there is no new peak observed at the first and second regions, 
especially on 18.5o and 29.7o, but the intensity at 19.1o was still decreased. The peak decrement became 
abrupt at 365 days immersion and almost every peak lost its sharpness, especially the peak at 30.1o. On 
the other hand, the XRD result didn’t show any additional natural salt peaks in NASICON. Therefore, 
the salt was most likely sticking on the surface and can be easily washed.  
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Figure 33. XRD comparison between reference NASICON, pristine NASICON, and NASICON 
immersed in a) D.I. water and b) seawater after 30 days, 90 days, and 365 days 
Further analysis of X-ray diffraction is done in the first region (17.5o – 21.5o) since this region 
showed the most noticeable changes in both D.I. water and seawater immersion. Figure 34 summarized 
the peak change between pristine and 90 days immersion in D.I. water and seawater. There are two 
different change in XRD peaks that might correspond with two different reactions. Firstly, the intensity 
of NASICON peak change at 19.1o and 19.7o in both D.I. water and seawater immersion. Lastly, the 
appearance of a new peak at 18.5o and 20.1o at 365 days immersion, which only observed in D.I. water, 
but not seawater.  
Figure 34. Further analysis of the first region (17.5o-21.5o) at 90 days immersion in a) D.I. water 
and b) seawater 
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3.3.1 Sodium diffusion out from NASICON 
 The intensity changed in NASICON was reported previously at NASICON immersion in 
seawater after 60 days (around 2 months). [29] This report is accurate and in fact, the intensity change 
happened much earlier during immersion in both D.I. water and seawater. Figure 35a shows the 30 days 
immersion in D.I. water and seawater and although the peak at 19.1o didn’t decrease, however the other 
peak (at 19.7o) shows increment which decreases the ratio between these two peaks. The ratio between 
peak 1 (at 19.1o) and peak 2 (at 19.7o) is decreased as time goes on (Figure 35b). This intensity change 
might not be related to Hydronium NASICON since the peak can be reduced further without the 
appearance of a new peak (Figure 34 and Figure 35b). Therefore, this reaction might be independent to 
Hydronium-ions insertion.  
 
Figure 35. XRD peak comparison between pristine NASICON and immersed NASICON in D.I. 
water and seawater after a) 30 days and b) 90 days 
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To understand this region, further study of NASICON family (Na1+xZr2SixP3-xO12, x= 0, 1.6, 
2.0, and 2.25) was done by comparing the references as illustrated in Figure 36. There are three different 
patterns that are observed as the x decreased. Firstly, the ratio between peak 1 (19.1o) and peak 2 (19.7o) 
decreased. Secondly, the shifting of the peaks toward the higher angle in XRD. Lastly, a single peak 
observation instead of splitting at most of the peak around 10o - 40o. The first pattern perfectly described 
the changed in both D.I. water and seawater after immersion. The second pattern as observed after 
further immersion in D.I. water and seawater. Lastly, the last pattern which decreases the sharpness of 
each peak in both immersions. These changes are not related to Silicon and Phosphate modification 
inside the pristine NASICON. Silicon escape from the grain is impossible since the ICP result observed 
no increment after 15 days while the intensity started to change after 30 days of immersion. In addition, 
the Silicon escaped came from the secondary phase and not from the NASICON grain. The phosphate 
addition is theoretically impractical because D.I. water consists no ions, just pure H2O. Thus, the most 
probable result is Sodium diffusion from grain to the solution. [39,40,67]  
 
Figure 36. NASICON family reference comparison (Na1+xZr2SixP3-xO12, x= 0, 1.6, 2.0, and 2.25) 
at a) first region (19.5o – 21.5o) and b) full range from 10o - 40o [39][40][67] 
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To proof that the Sodium diffused out from the NASICON grain, the Backscattered electron 
SEM-EDX of immersed NASICON in seawater and D.I. water is analyzed and shown in Figure 37. 
Based on the image (Figure 37a-b), both NASICON still maintained cubic shaped on the surface and 
there is hardly any difference between them. The EDX was taken at the grain NASICON of each SEM 
image and shows only sodium peaks decreased in both samples (Figure 37c). Thus, it’s confirmed that 
the intensity ratio and broadness changes were due to Sodium diffusion out from NASICON to a 
solution. In addition, the EDX also confirmed that there is more Oxygen in the grain site of NASICON 
after 365 days immersion in D.I. water, which might be related to Hydronium-ions insertion. Thus, 
further analysis of the Hydronium-ion insertion will be discussed in the next section.  
 
 
Figure 37. Surface BSE-SEM image of 365 days NASICON immersed in a) D.I. water and b) 
seawater with c) corresponding peak by EDX  
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3.3.2 Hydronium-ions insertion  
 
 The second reaction was corresponded to the peak appearance at 18.5o and 29.75o after 90 days 
immersion in D.I. water at room temperature, and peak split at 20.25o after 365 days immersion. These 
peak appearances are reported to have a similar pattern as hydronium NASICON peaks. However, the 
Hydronium NASICON reference has a composition of (H3O)2.5Zr2Si1.5P1.5O12, which correspond to the 
fully exchanged NASICON at the formula of x = 1.5. This might be slightly inaccurate for comparison 
since the fabricated NASICON for experiment has a formula of Na3Zr2Si2PO12 (x = 2). Therefore, 
fabricating fully exchanged Hydronium NASICON with the experimental pristine NASICON will be 
beneficial since the fabricated compound is not only can accurately detect the Hydronium peaks but 
also can confirm the final product of fully exchanged Hydronium NASICON.  
To fabricate Hydronium NASICON, the NASICON powder (x = 2.0) was refluxed with 0.5 
M HCl for 2 hours. The solution is filtered and replaced with new 0.5 M HCl solution for 5 times. The 
finished product obtained and analyzed by using SEM (surface) and XRD. The structure of NASICON 
was compared by using XRD and the result shows almost similar peak as Hydronium NASICON 
reference (x = 1.5). The surface of Hydronium NASICON by SEM is a bit spherical on the sides and 
less rigid cubic compared to the NASICON (Figure 38a-b). The composition of NASICON is taken by 
EDX through SEM and EDX confirm the Sodium is fully exchanged since there is no Sodium detected 
and the abnormal Oxygen increment. In addition, Silicon, Zirconium, and Phosphate ions were still 
detected and weren’t dissolved during the reaction due to the similar composition as pristine powder 
NASICON. Based on this information, the Hydronium exchange is possible to replace every sodium 
inside NASICON (x = 2), and the reaction follows the formula below. [62, 63] 
Na3Zr2Si2PO12 + 3 H3O+ → (H3O)3Zr2Si2PO12 + 3 Na+ (10) 
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Figure 38. The SEM image of a) pristine powder NASICON and b) the powder of fully 
exchanged Hydronium NASICON. c) The XRD diffraction result of fully exchanged Hydronium 
NASICON (x = 2.0) and comparison with NASICON (x = 2) and Hydronium NASICON 
reference (x = 1.5) and the EDX comparison of previous SEM image  
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 The fabricated Hydronium NASICON is compared with the immersed NASICON after 365 
days in D.I. water since the Hydronium-ion peaks appearance was observed only in room temperature 
D.I. water (Figure 39). The Fully exchanged NASICON has a similar peak with the newly appeared 
peak at 18.5o, 20.25o, and 29.75o. In addition, the broader peak at the third region has a similar shape as 
Hydronium NASICON. However, the reaction is not yet severe, thus the short peak at around 33.4o 
couldn’t be observed. To support the XRD result, other instrumental analyses such as TOF-SIMS and 
EELS were done. 
 The Hydronium-ions insertion to the NASICON is also supported by other instrumental 
analysis. Figure 40 shows the abnormal oxygen increment which comes from the Oxygen in the 
Hydronium-ions composition (H3O+). In addition, TOF-SIMS detects a tiny amount of hydronium ions 
on the thin surface of NASICON (Figure 40a). Although Hydronium-ions was detected in 90 days 
immersion in D.I. water, however, these ions couldn’t be observed in seawater immersion. Another 
instrumental analysis is done by Electron Energy Loss Spectroscopy (EELS) after 180 days immersion 
and the disappearance peak at around 540 eV only in D.I. water was observed (Figure 40 b-d, the 
disappeared peak is marked with “*”). This disappearance happens nearby oxygen and might relate to 
Hydronium-ions insertion to NASICON lattice, creating disturbance in oxygen bonding of Zirconium 
octahedral and PO4 or SiO4 tetrahedral. Based on these observations, there are three things that can be 
summarized: 1. The peak appearance corresponds to the Hydronium-ions insertion, 2. The reaction did 
not happen in seawater immersion at room temperature (up to 365 days), 3. Only a tiny number of 
Hydronium-ions inserted since the hydronium peak is still dominating the XRD pattern. 
49 
 
 
Figure 39. a) Hydronium NASICON (x = 2) comparison with NASICON immersed in D.I. water 
(365 days) at three important regions and further comparison between immersed NASICON 
and Hydronium NASICON at a) 17.5o - 21.5o and b) 28.5o – 32.5o 
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Figure 40. a) The Hydronium detection of pristine NASICON and 90-day immersed NASICON 
(D.I. water and Seawater), and b) EELS result of 180-day pristine and immersed NASICON 
  
Based on the information above, the Hydronium-ions insertion is confirmed only in D.I. water. 
Although the Sodium kept diffusing out from NASICON to both D.I. water and seawater, however, the 
Hydronium-ions couldn’t be inserted into the empty crystal lattice. This phenomenon can be explained 
through the doping energy barrier formula shown below: [65][66] 
∆𝑬𝑯𝟑𝑶+−𝑵𝑨𝑺 = 𝑬𝑯𝟑𝑶+ − 𝑬𝑵𝑨𝑺 + 𝒖𝑵𝒂+− 𝒖𝑯𝟑𝑶+  (11) 
 𝒖𝑯𝟑𝑶+(𝑻, 𝒑) = 𝒖𝒓𝒆𝒇(𝑻, 𝒑) + 𝒌𝑩𝑻 𝒖 𝐥𝐧 (
𝒑
𝒑𝟎
)   (12) 
∆𝑬𝑯𝟑𝑶+−𝑵𝑨𝑺 = Energy barrier difference,     𝑬𝑯𝟑𝑶+= Energy barrier of Hydronium NASICON 
 𝑬𝑵𝑨𝑺 = Energy barrier of NASICON    𝒖𝑵𝒂+  = Chemical Potential of Sodium-ions 
in solution 
𝒖𝑯𝟑𝑶+ = Chemical potential of Hydronium-ions    T = Temperature 
p = pressure        kB = Boltzmann constant 
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If the ∆𝐸doped is negative (below 0), then the Hydronium-ions insertion happen spontaneously, 
however, the reaction won’t happen if the energy difference is positive. This variable is affected by the 
chemical potential of Sodium-ions in the solution, chemical potential of Hydronium-ions, and 
temperature. As the concentration of Sodium-ions increased in solution, the chemical potential increase 
which result in the increase ∆𝐸 doped of Hydronium-ions insertion. The chemical potential of 
Hydronium-ions also affected by pH and it’s less reactive at high pH (low H3O+ chemical potential) and 
active at the acid condition. This phenomenon is already reported by Jae-il Jung et al and taken as adan 
vantage for Hydronium NASICON fabrication. [59] Lastly, the temperature affects the chemical potential 
of the solution since temperature increases the H3O+ chemical potential. Based on this equivalence, the 
Hydronium-Ions insertion is predicted to happen less or even inactive at room temperature seawater. 
Firstly, the seawater has higher pH than D.I. water, thus the chemical potential is predicted to be lower. 
Lastly, the chemical potential of Sodium ions in seawater is higher due to the existence of Sodium-ions. 
However, the stability of NASICON at high temperature is not known and the effect of another ions 
except Sodium.  
To understand the effect of temperature toward the Hydronium exchange reaction, the pristine 
NASICON was immersed at 80oC in D.I. water and seawater (Figure 41). At high-temperature 
immersion, the hydronium NASICON peak appears at both NASICON immersed in D.I. water and 
seawater even after 12 hours, and the appearance is at the exact location as the immersed NASICON at 
room temperature in D.I. water. The temperature affects the NASICON stability dramatically since the 
reaction at 80oC for 12 hours has a similar result as 90 days immersion in D.I. water. At longer period 
high-temperature immersion, the Hydronium NASICON peak grows up as the pristine NASICON peak 
falls. Although the Hydronium-ions insertion also observed in seawater at high temperature, however, 
the growth of hydronium peaks was much slower than D.I. water immersion. At 60oC immersion for 10 
days (Figure 42), the result shows that the reaction became slower, and this reaction is almost similar 
as the 365 days immersion in D.I. water due to the appearance of the peak at 20.1o and no appearance 
of the peak at 35.5o. Thus, the temperature accelerates the Hydronium-ions insertion rapidly. Although 
the reaction shows in the seawater immersion, however, it tends to be slower than D.I. water and wasn’t 
observed at room temperature.   
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Figure 41. NASICON immersion at high temperature (80oC) after 12 hours, 10 days, and 30 
days in a) D.I. water and b) Seawater 
 
Figure 42. NASICON immersion after 10 days at 60oC and 80oC in a) D.I. water and b) 
Seawater 
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According to the high-temperature immersion, the result shows that Hydronium-ions insertion 
is slower in seawater than D.I. water. This phenomenon might be affected by the natural salt ions that 
exist in seawater as suggested by equation 8. To confirm the effect of natural salt ions inside seawater, 
the pristine NASICON was immersed in 0.1 M NaCl for at high temperature for 30 days (Figure 43a). 
Based on the XRD result, the peak appears lower compared to the D.I. water immersion, which means 
it’s less reactive. This result corresponds to the proposed equation (11). The image of the NASICON 
pellet is taken after 30 days immersion and NASICON immersed in D.I. water broke into pieces (Figure 
43b). This is possible since Hydronium-ions has bigger volume than Sodium-ions, thus create a crack 
in structure and breaking the pellet at excess insertion. [55] Surprisingly, the addition of 0.1 M NaCl to 
the solution can prevent NASICON from breaking/ However, the NASICON become very fragile 
compared to the pristine NASICON. The reference intensity ratio (RIR) at 29.7o was taken as a 
comparison since the exchanged is more noticeable compared to the peak at 19.5o (with RIR at 66.5% 
in fully exchanged Hydronium NASICON). As the ions added to the solution, the RIR shows lesser 
value, which also means a lower reaction rate. Thus, the ions affect the stability of NASICON in 
seawater indirectly.  
 
Figure 43. a) XRD result of NASICON immersion in D.I. water, 0.1 M NaCl at 80oC, and 
Seawater for 30 days, b) pellet after 30 days immersion at 80oC, and the reference intensity ratio 
(RIR) at peak 29.7o of NASICON immersed at the different salt solutions (concentration based 
on the seawater) at 80oC 
  
54 
 
 
The electrochemical properties of NASICON immersion at room temperature is analyzed by 
using electrochemical impedance (Figure 44). In the case of seawater, the ionic conductivity slightly 
decreases to 3 x 10-4 S/cm after 180 days immersion. The slight decrease was most likely due to Sodium 
diffusion out from NASICON, thus lowering the mobile ions inside NASICON. However, the 
conductivity of NASICON was decreased dramatically to 9 x 10-6 S.cm after 90 days immersion in D.I. 
water only. The ionic conductivity decrement might be due to Hydronium-ions insertion since the 
conductivity fouling happens at the same time as Hydronium NASICON peak appearance in XRD. In 
addition, the TOF-SIMS detects Hydronium-ions only on the surface of NASICON suggesting that the 
Hydronium insertion couldn’t penetrate deeply to NASICON. Thus, it’s most likely that Hydronium 
NASICON hinders the conductivity only in the surface and the NASICON can be returned to pristine 
once the surface is removed. To prove this hypothesis, the surfaces of immersed NASICON was 
polished at around 0.1 mm and the EIS was taken (Figure 45). The NASICON ionic conductivity of 
polished sample return to the pristine and the XRD result shows no hydronium NASICON peak. 
 
Figure 44. a) Ionic conductivity NASICON immersed in D.I. water and seawater after a certain 
time (up to 180 days) and b) EIS result after 90 days immersion 
 
Figure 45. The a) XRD and b) EIS result of 90-day immersed NASICON before and after 
polished 
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 To summarize, there are two different steps of Hydronium exchange reaction between 
NASICON and aqueous solution. Firstly, the Sodium diffused out from the NASICON and can be 
observed by the shifting and intensity change in XRD peaks. The reaction happens in any condition and 
slightly alter the conductivity. If the doped energy support, then the Hydronium-ions will be inserted 
into empty space from the Sodium escape. The Hydronium-ions insertion is destructive and possible to 
break NASICON if the insertion happens excessively. This reaction can be detected by XRD, TOF-
SIMS, and EELS. The insertion is affected by few variables such as ions (especially Sodium-ions), pH, 
and temperature. These reactions are illustrated in Figure 46 below.  
 
Figure 46. Illustration of Sodium diffusion and Hydronium-ions insertions in NASICON 
immersion at any solution 
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4. Conclusion 
  Based on this report, the NASICON reaction with D.I. water and seawater can be divided 
into three different mechanisms: 
1. Firstly, Secondary phase dissolution happens as the NASICON in-contact with an aqueous 
solution. This reaction can be analyzed through the solution analysis. The immersion in 
NASICON shows more stable than in D.I. water due to the existence of natural salt ions, 
hindering the secondary phase dissolution. This reaction affects slightly to the mechanical and 
electrochemical properties.  
2. Secondly, the Sodium diffusion out from NASICON grain into the solution is observed after the 
secondary phase dissolution through the change in intensity peak and peak-shifting in X-ray 
diffraction of immersed NASICON in both D.I. water and seawater at room temperature. The 
Sodium diffusion slightly lowers the electrochemical properties, but NASICON is still usable as a 
solid electrolyte. 
3. Lastly, Hydronium-ions insertion arises if only the energy barrier requirement is fulfilled. This 
energy barrier is directly depending on pH, temperature, Sodium-ions concentration, and 
indirectly correlated with other natural salt ions. This reaction created a new peak on X-ray 
diffraction and may break NASICON if excess insertion happened (especially at high 
temperature). The electrochemical properties fall greatly to 10-6 S/cm due to hydronium 
NASICON coated on top of thin surface NASICON. This reaction might create failure to the 
seawater battery due to low ionic conductivity and possibly breaking NASICON at excess 
insertion.   
The immersion in D.I. water at room temperature undergoes these three mechanisms after 90 days. 
On the other hand, there is no proof on Hydronium-ions insertion in the seawater at room temperature 
even after 365 days. The conductivity greatly changes in D.I. water while still maintain a reasonable 
conductivity in seawater after 180 days immersion. In conclusion, the immersion in seawater at room 
temperature is more stable than the immersion in D.I. water. 
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